1 -INTRODUCTION -Magnetic t h a t a ferromagnetic bodv.
-" , c e r t a i n f i e l d g r a d i e n t s , whi s e p a r a t i o n techniques such a s HGMS a r e based on t h e f a c t placed i n an e x t e r n a l l y applied magnetic f i e l d g e n e r a t e s ch tend t o a t t r a c t magnetic p a r t i c l e s towards t h e surface. Since loading of t h e matrix reduces t h e capture e f f i c i e n c y , t h e magnetic f i e l d has t o be switched o f f p e r i o d i c a l l y i n o r d e r t o regenerate t h e matrix and t o c o l l e c t t h e magnetic f r a c t i o n . This not only reduces t h e process r a t e considerably, but a l s o discourages t h e a p p l i c a t i o n of superconducting magnet systems.
These problems a r e overcome by a c l a s s of m a t r i x l e s s s e p a r a t o r s i n which t h e magnetic f o r c e i s generated by t h e e x t e r n a l f i e l d only. However, t h e a p p l i c a b i l i t y of much of these devices i s d i r e c t e d towards dry s e p a r a t i o n of gravity-fed p a r t i c l e s .
I n t h i s paper we present a magnetic s e p a r a t i o n device, capable o f handling s l u rr i e s and o p e r a t i n g i n a t r u l y continuous mode. The s e p a r a t i o n e f f i c i e n c y i s demons t r a t e d under various o p e r a t i n g conditions. 2 -OPERATING PRINCIPLES -It i s well known t h a t f l o c c u l a t i o n of p a r t i c l e s r e s u l t s i n an i n c r e a s e i n s e t t l i n g v e l o c i t y , because i n most c a s e s t h e mass of t h e c l u s t e r i s i n c r e a s i n g more r a p i d l y than i t s hydrodynamic diameter. Hencl and Svoboda [ I ] have shown t h a t magnetic -f l o c c u l a t i o n can be used t o s e p a r a t e magnetic p a r t i c l e s from non-magnetic ones. The enhanced s e t t l i n g r a t e of t h e f l o c c u l a t e d magnetic p a r t i c l e s enables them t o s e t t l e by g r a v i t y i n a f l u i d stream d i r e c t e d upwards, while t h e nonf l o c c u l a t e d , non-magnetic p a r t i c l e s a r e c a r r i e d away by t h e f l u i d .
Unfortunately, f o r paramagnetic p a r t i c l e s i n a homogeneous magnetic f i e l d , t h e f l o c c u l a t i o n causes only a very l i m i t e d enhancement i n s e t t l i n g r a t e and t h e r e f o r e t h e s e p a r a t i o n process i s very s e n s i t i v e t o changes i n s l u r r y c h a r a c t e r i s t i c s . I n a d d i t i o n , t h e threshold f i e l d f o r f l o c c u l a t i o n i s i n v e r s e l y dependent upon p a r t i c l e s i z e and s u s c e p t i b i l i t y , which means t h a t t h e maximum f i e l d a v a i l a b l e determines a lower l i m i t f o r both quant i t i e s .
Previous experiments [ 2 , 3 ] have demonstrated t h a t p a r t i c l e s with intermediate susc e p t i b i l i t i e s and even diamagnetic p a r t i c l e s can be f l o c c u l a t e d i n high magnetic f i e l d s , but moreover i t has become c l e a r t h a t a s u i t a b l e g r a d i e n t i n t h e f i e l d , to- 
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JOURNAL DE PHYSIQUE g e t h e r with f l o c c u l a t i o n r e s u l t s i n a d r a s t i c i n c r e a s e i n s e t t l i n g v e l o c i t y . This process o f magnetosedimentation can be described by a force-balance equation of t h e form where a i s t h e p a r t i c l e r a d i u s , p i t s e f f e c t i v e d e n s i t y , g t h e g r a v i t a t i o n c o n s t a n t ,
x t h e e f f e c t i v e s u s c e p t i b i l i t y of t h e p a r t i c l e , B t h e e x t e r n a l magnetic f i e l d , q t h e v i s c o s i t y of t h e f l u i d and v t h e s e t t l i n g v e l o c i t y . Magnetic f l o c c u l a t i o n , i . e . t h e formation of binary c l u s t e r g mainly a f f e c t s t h e volume-terms i n t h e L.H.S. of equat i o n ( I ) , l e a d i n g t o a n i n c r e a s e i n t h e p r o p o r t i o n a l i t y c o n s t a n t between s e t t l i n g v e l o c i t y and magnetic f o r c e d e n s i t y . These c h a r a c t e r i s t i c s form t h e b a s i s of t h e Continuous Flow S e p a r a t i o n device a s presented i n t h i s paper. A schematic p i c t u r e i s given i n Fig. 1 . I n p r i n c i p l e , t h e system is s i m i l a r t o I t h e one described i n reference [ I ] , but i n o r d e r The s e p a r a t i o n tube (2) i s positioned i n t h e bore of t h e magnet i n such a way t h a t i t i s completely above t h e point o f maximum f i e l d .
S l u r r y i s fed i n t o t h e s e p a r a t i o n tube through a feed pipe ( 3 ) . This pipe i s perforated a t t h e lower end i n o r d e r t o make t h e s l u r r y e n t e r t h e tube i n a r a d i a l d i r e c t i o n . The p a r t i c l e s experience a magnetic f o r c e p r o p o r t i o n a l t o BVB, which p u l l s t h e f e r r o -and paramagnetic p a r t ic l e s downwards i n t h e d i r e c t i o n o f o u t l e t (4).
The magnetic f o r c e a c t i n g on diamagnetic p a r t ic l e s i s small b u t , anyhow, d i r e c t e d upwards and so they a r e c a r r i e d away with t h e f l u i d stream and l e a v e t h e device v i a an o~e r f l o w ( 5 ) . Maa-.
-.
t h e t e x t . n e t i c f l o c c u l a t i o n f u r t h e r improves t h e separat i o n e f f i c i e n c y .
The s e p a r a t i o n process can be described by equation ( I ) , where v has t o be r eplaced by t h e v e l o c i t y v of t h e p a r t i c l e with r e s p e c t t o t h e & n o u n d i n g f l u i d .
A f t e r defining pM = xBVB / 1.1 g and a = 2g / 9q, equation ( 
v i n t h e s e p a r a t i o n tube. The magnetic d e n s i t y can be adjusted by t h e magn e t i c fie!?d, a t a given f i e l d g r a d i e n t , i n such a way t h a t a l l p a r t i c l e s of t h e same magnetic m a t e r i a l and within a c e r t a i n s i z e d i s t r i b u t i o n w i l l be c o l l e c t e d i n t h e mags.
3 -EXPERIMENT -Our l a b o r a t o r y -s c a l e s e p a r a t i o n device was completely made o f nonmagnetic m a t e r i a l , with a 40 mm ( i n n e r ) diameter s e p a r a t i o n tube and a 10 mm ( o u t e r ) diameter feed pipe. The o u t l e t of t h e feed pipe was positioned 100 mm above t h e mid-
p o i n t of t h e 60 mm diameter bore of t h e B i t t e r magnet, a t a place where t h e magnetic f o r c e d e n s i t y i s l a r g e . S l u r r y v e l o c i t y was c o n t r o l l e d by a p e r i s t a l t i c pump i n comb i n a t i o n with a valve on o u t l e t ( 5 ) , which a l s o served t o p r e s s u r i z e t h e system. I n o r d e r t o c o l l e c t t h e magnetic f r a c t i o n i t has t o be removed from t h e e n e r g e t i c a l l y favourable point a t t h e c e n t r e of t h e magnet.
It t h e r e f o r e i s necessary t o c r e a t e a hydrodynamic f o r c e which i s l a r g e r than t h e competing magnetic force. This was done by using an o u t l e t ( 4 ) with a small i n n e r diameter -high f l u i d v e l o c i t y -, c u t off by a magnetic valve a t a place o u t s i d e t h e magnet. This valve was opened p e r i o d i c a ll y , where t h e open-period was such a s t o allow a small q u a n t i t y o f magnetic m a t e r i a l t o l e a v e t h e magnet without d i s t u r b i n g t h e flow i n t h e r e s t of t h e system.
The hydrodynamic pressure ensured a high enough flow through t h e o u t l e t t o avoid blocking a t high f i e l d s .
Systematic experiments t o i n v e s t i g a t e t h e performance of t h e s e p a r a t i o n device
were c a r r i e d out u s i n g mixtures o f paramagnetic MnC03 and diamagnetic SiO a3 t e s t suspensions. 5The volume s u s c e p t i b i l i t i e s of t h e s e compounds a r e xV = 4.3-70-and xV = -1.6010-(SI-units) r e s p e c t i v e l y . A l l p a r t i c u l a t e m a t e r i a l used i n t h e experiments was pre-sieved t o a s i z e smaller t h a n 38 pm and suspended i n tapwater, without pH-adjustment o r a d d i t i o n of d i s p e r s a n t s . The s l u r r i e s were u l t r a s o n i c a l l y shaken before being fed i n t o t h e s e p a r a t i o n device. Fig. 2 shows t h e grade (concentration o f MnCO ) of t h e Grade s e p a r a t i o n products a s a f u n c t i o n of magnetic ? i e l d f o r a 2.0 %-vol s l u r r y c o n t a i n i n g 47 % MnC_T
The f l u i d v e l o c i t y i n t h e s e p a r a t i o n tube was 16 mms ?' A t zero f i e l d t h e r e i s a small d i f f e r e n c e between mags and overflow due t o g r a v i t y s e p a r a t i o n .
With i n c r e a s i n g magnetic f i e l d t h e grade of t h e mags r i s e s considerably u n t i l a t about 3 T s i g n s of s a t u r a t i o n s t a r t t o appear, because i n t h i s s t a g e non-magnetic p a r t i c l e s can be c o l l e c t e d i n t h e mags, e i t h e r because t h e y a r e swept downwards along with t h e magnetic ones o r trapped i n t h e f l o c s . On t h e o t h e r hand, t h e recovery of magnetic ma--t e r i a l i n t h e mags, a s depicted i n c o u h be expected, t h e grade of t h e 0 : Overflow product overflow i n c r e a s e s with i n c r e a s i n g f l u i d v e l o c i t y because, s t a r t i n g with t h e s m a l l e s t p a r t i c l e s , t h e magnetically induced p a r t of t h e s e t t l i n g v e i o c i t y is not s u f f i c i e n t t o prevent them from being c a r r i e d away by t h e f l u i d . On t h e o t h e r hand, s i n c e g r a v i t a t i o n a l s e t t l i n g i s l e s s f o r h i g h e r f l u i d v e l o c i t i e s , t h e amount o f -nonlmagnetics i n t h e mags w i l l d e c r e a s e , . r e s u l t i n g i n a n i n c r e a s e i n grade.
I t i s obvious t h a t a h i g h e r
f l u i d v e l o c i t y l e a d s t o a worse recovery o f magnetic m a t e r i a l i n t h e mags, a s i s confirmed by Fig. 5 .
4 -DISCUSSION -R e s u l t s given above i n d i c a t e t h a t magn e t i c a l l y enhanced s e t t l i n g r a t e s can very e f f e c t i v e l y be used t o s e p a r a t e f i n e magnetic p a r t i c l e s from non- 
